An important issue in low-latitude ionospheric space weather is how magnetic storms affect the generation of equatorial plasma bubbles. In this study, we present the measurements of the ion density and velocity in the evening equatorial ionosphere by the Defense Meteorological Satellite Program (DMSP) satellites during 22 intense magnetic storms. The DMSP measurements show that deep ion density depletions (plasma bubbles) are generated after the interplanetary magnetic field (IMF) turns southward. The time delay between the IMF southward turning and the first DMSP detection of plasma depletions decreases with the minimum value of the IMF B z , the maximum value of the interplanetary electric field (IEF) E y , and the magnitude of the Dst index. The results of this study provide strong evidence that penetration electric field associated with southward IMF during the main phase of magnetic storms increases the generation of equatorial plasma bubbles in the evening sector.
Introduction
Intense geomagnetic storms occur when the solar wind with strong, persistent southward interplanetary magnetic field (IMF) impacts on the Earth's magnetosphere. The interplanetary electric field (IEF) associated with southward IMF penetrates to the equatorial ionosphere, creating an eastward electric field on the dayside and a westward electric field on the nightside. Penetration electric fields in the ionosphere have been extensively studied with the incoherent scatter radar chain including the Sondrestrom, Millstone Hill, Arecibo, and Jicamarca radars at ∼75
• W geographic longitude, as well as with other space-based and groundbased measurements [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , and numerically simulated with global ionospheric models [15] [16] [17] [18] . Huang et al. [6, 7, 14] and Huang [11] found that penetration electric fields in the ionosphere can last for several hours without obvious attenuation during continuous southward IMF. Huang et al. [8] reported that penetration efficiency, which is defined as the ratio of the change of the equatorial ionospheric electric field to the change of the IEF, is ∼10% on the dayside.
The purpose of this paper is to study how penetration electric fields affect the generation of plasma bubbles in the evening equatorial ionosphere during intense magnetic storms. Plasma bubbles are first generated in the bottomside F region and then penetrate the F peak to the topside F region [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, the occurrence of equatorial plasma bubbles during magnetic storms has not been fully understood. In earlier studies, some investigators suggested that magnetic storms suppressed equatorial spread F (ESF) in the evening sector. Rastogi et al. [33] reported that the enhanced magnetic activity reduced the occurrence of equatorial radio scintillations and spread F during premidnight hours. Watanabe and Oya [34] found that the occurrence probability of plasma bubbles decreased during magnetically active periods for the local time in premidnight. Singh et al. [35] found that increased magnetic activity inhibited premidnight bubble generation. Palmroth et al. [36] analyzed the correlation between the occurrence of equatorial density depletions and the Kp index and concluded that the magnetic activity decreased the number of depletions in the evening sector.
Recent studies showed that magnetic activity may increase the occurrence of equatorial plasma bubbles. Fejer et al. [37] suggested that penetration electric fields associated with southward IMF during the early main phase of magnetic storms is eastward in the evening sector and will drive the equatorial F region to move upward, producing favorable condition for the excitation of the Rayleigh-Taylor instability. Huang et al. [38, 39] found that plasma bubbles develop in the evening sector during the early stages of high magnetic activity periods, which suggests that penetration electric fields during southward IMF are responsible for driving plasma bubbles. Basu et al. [40, 41] suggested that the eastward penetration electric field at dusk during the main phase of magnetic storms causes a rapid lift of the equatorial ionosphere and sets off plasma instabilities to form plasma bubbles or bite-outs. Huang [11] and Huang et al. [14] examined the measurements of the Defense Meteorological Satellite Program (DMSP) satellite and found that the penetration electric field at dusk is eastward, lasts for several hours during the main phase of magnetic storms, and causes large upward ion drift in the equatorial ionosphere. The numerical simulations of Keskinen et al. [26] show that a prompt eastward penetration electric field during magnetic storms can increase the vertical drift of the evening equatorial F region plasma and result in the generation of plasma bubbles. Kelley and Retterer [13] used measured electric fields as input into the ionospheric model and successfully reproduced the large-scale plasma bubbles in the equatorial ionosphere during an intense magnetic storm. The simulation results are in good agreement with the measurements of the Jicamarca incoherent scatter radar.
Recent studies have increased the understanding of the influence of geomagnetic activity on the generation of equatorial plasma bubbles. However, further investigations are necessary to determine how rapidly plasma bubbles are generated in response to penetration electric fields and how the response time of the ionosphere varies with the interplanetary electric field and with the strength of geomagnetic activity. In this paper, we present the DMSP satellite measurements of the equatorial ionospheric ion velocity and density in the evening sector and perform a statistical analysis of the occurrence of plasma bubbles during the main phase of intense magnetic storms.
Observations
We first present examples of penetration electric fields during magnetic storms. Figures 1(a)-1(d) show the IMF B z component, the IEF E y (dawn-to-dusk) component, the ion vertical velocity in the equatorial ionosphere, and the Dst index on 9 November 2004, respectively. The solar wind data were measured by the Advanced Composition Explorer (ACE) satellite located at ∼220 R E upstream and have been shifted to the Earth's bow shock nose with the minimum variance analysis technique developed by Weimer et al. [42] ; the IMF components are plotted in the GSM coordinate. In all cases analyzed in this paper, the solar wind and IMF data have been shifted to the bow shock nose with the above technique.
The IMF was weakly southward or close to zero before 1900 UT and became strongly southward between 1900 and 2043 UT, as indicated by the yellow shading. The first storm of this sequence started at ∼2000 UT on 7 November, and the Dst index reached a minimum value of −373 nT at 0600 UT on 8 November and remained below −100 nT on 8-9 November. The southward IMF between 1900 and 2043 UT on 9 November caused a significant intensification of the storm, and the Dst index reached another minimum value of −223 nT at 2100 UT. The Jicamarca incoherent scatter radar was in the afternoon sector (1400-1543 LT) during the period of southward IMF. Shown in Figure 1(c) is the ion vertical velocity measured by the Jicamarca radar. The maximum upward ion velocity at ∼2000 UT reached ∼130 m s −1 . The enhanced ionospheric ion drift had a shape similar to that of the IEF and was obviously caused by penetration electric field. The penetration electric field lasted for 1.7 hours during the period of storm intensification.
Because equatorial spread F and plasma bubbles occur in the postsunset sector, we need to determine how the plasma drift in the evening ionosphere responds to magnetic storms. In this study, we use the measurements of the DMSP F13 satellite to derive the ion drift velocities. The orbit of F13 crosses the equator near 1800 LT at an altitude of 848 km. Because ion drift velocities vary with latitude, we perform second-order polynomial fits to data taken between ±10
• magnetic latitudes and use the polynomial-fit values at the magnetic equatorial crossing to represent the ion drift velocity at the magnetic equator. To quantify storm-time ion drift enhancements, it is necessary to establish quiettime references. This is important because ion velocity data measured by satellites may include offsets. The quiet-time reference is derived from the data during duskside equatorial crossings during 10 quiet days, 5 days just before and after the magnetic storm. The details of the DMSP data processing are given by Huang et al. [14] . The ion vertical velocities, including the reference, are mostly negative (downward) during the period of interest in this case. F13 data were acquired near the 1800 LT where the prereversal enhancement should be in evidence during both quiet and main-phase intervals. Downward drifts apparent in Figure 1 (g) indicate a bias in value in F13 measurements of the ion vertical velocity. However, the ion velocity differences between the storm-time and reference values were caused by the penetration electric fields and reached ∼120 m s −1 . In particular, the enhanced ion vertical drift lasted for ∼6 hours during the second and third shaded periods when the geomagnetic activity was strengthening [14] .
The DMSP measurements presented in Figures 1(e)-1(h) reveal important features of the equatorial ionospheric ion vertical drift at dusk in response to magnetic storms. The ion vertical drift is significantly enhanced in the upward direction. The enhanced upward ion drift can last for up to 6 hours during continuous southward IMF and will move the F region to high altitudes conducive for the generation of the Rayleigh-Taylor instability and plasma bubbles. We focus on the generation of equatorial plasma bubbles following IMF southward turning during intense magnetic storms. A strong southward turning of the IMF occurred between 0637 and 0656 UT, with a minimum value of −48 nT, as denoted by the yellow shading in Figure 2 (a). F14 detected significant ion density depletions at 0816 UT (the red line in Figure 2 (b)) and at 0958 UT (the green line in Figure 2(b) ). Similarly, F15 detected significant ion density depletions at 0859 and 1042 UT. The solid horizontal red and green lines in Figure 2 (a) denote the UT when F14 detected the ion density depletions, and the dashed red and green lines denote the times for F15. The ion density showed normal variations with latitude before 0800 UT, and the ion density depletions were detected shortly after the IMF southward turning. The time delay between the IMF southward turning at 0637 UT and the first detection of plasma depletions by F14 at 0816 UT is ∼100 min.
The IMF was generally northward between 0900 and 1800 UT, and the ionosphere became quiet again. The IMF became strongly southward after 1800 UT. F14 detected significant ion density depletions at 2011 and 2151 UT, and F15 detected ion density depletions at 2054 and 2236 UT. The time delay between the IMF southward turning at 1800 UT and the first detection of plasma depletions by F14 at 2011 UT is ∼2.2 hours.
The data on 30 October 2003 presented in Figure 3 are the continuation of Figure 2 for the same storm case. The IMF remained southward until 0300 UT, and F15 detected ion density depletions at 0014 and 0153 UT. The IMF was mostly northward between 0300 and 1830 UT, with some fluctuations between 1600 and 1830 UT, and then became southward again after 1830 UT. F15 detected ion density depletions at 2039 UT and 2221 UT, and F14 detected ion density depletions at 2137 and 2315 UT. The time delay between the IMF southward turning at 1830 UT and the first detection of plasma depletions by F15 at 2039 UT is ∼2.1 hours.
Figures 2 and 3 reveal important relationship between IMF orientation and occurrence of ionospheric plasma depletions. The ionosphere was rather quiet during the periods of northward IMF, and significant plasma depletions occurred ∼2 hours after the IMF turned southward. The generation of the equatorial ionospheric plasma depletions was caused by the southward IMF.
International Journal of Geophysics The deep ion density depletions in the low-latitude ionosphere are plasma bubbles. Equatorial plasma bubbles result from the nonlinear evolution of the Rayleigh-Taylor instability. A unique feature of plasma bubbles is the existence of large upward ion drift caused by polarization electric field inside the depletion region (e.g., [43] ). In order to show this feature, we plot the ion density and ion vertical velocity in The very large upward ion velocity is the plasma E × B drift caused by the polarization electric field and is the evidence that the plasma depletions are bubbles. The plasma particles inside bubbles are moved to high altitudes by upward E × B drifts and then flow down along the magnetic field lines to higher latitudes.
In Figures 4(c) and 4(d), the ion density and velocity were measured by F14 around 2137 UT on 30 October 2003. The upward ion velocity inside the depletions near the magnetic equator was enhanced, compared to the plasma drifts outside the depletion region. In contrast, the ion velocity became downward at −25 • magnetic latitude. The magnetic field lines have large dip angle at −25 • magnetic latitude. When the depleted magnetic flux associated with the equatorial plasma bubble reaches this latitude, the plasma flow has a significant component along the magnetic field lines. The downward ion velocity at higher latitudes was related to the field-aligned plasma flow.
The ion vertical velocity was upward inside the plasma depletions at 14
• magnetic latitude in Figure 4 
(d). The dip angle of the magnetic field lines at 14
• magnetic latitude is about 15
• , and the ion vertical velocity might be dominated by the E × B drift and upward. At −25 • magnetic latitude, the dip angle of the magnetic field lines is about 36
• , and the ion vertical velocity could be dominated by the field-aligned plasma flow and become downward. In addition, the orbit of the DMSP satellite is not along the magnetic field lines. The plasma depletions at 14• and −25
• magnetic latitudes had a longitudinal difference of ∼10
• and could be two separate bubbles. The ion vertical velocity inside separate bubbles may behave differently.
It should be mentioned that low-latitude ionospheric plasma depletions can become very wide during intense magnetic storms. strong penetration electric fields. When the entire F region has moved to altitudes higher than the DMSP orbit, the ion density at the DMSP orbit becomes very low. The wide plasma depletions result from the long-lasting penetration electric field during continuous southward IMF.
We now carry out a statistical analysis of the occurrence of equatorial plasma bubbles during intense magnetic storms and use the DMSP measurements for the identification of plasma bubbles. The orbital path of the DMSP satellites is at 840 km altitude. Any plasma bubbles that are below 840 km are not detected by the DMSP satellites. Our criterion for case selection is as follows. There are no plasma bubbles for ∼10 hours before the IMF turns southward, and plasma bubbles occur shortly after the IMF southward turning. We assume that the occurrence of the plasma bubbles is the consequence of the IMF southward turning and penetration electric field.
We made a search of the Dst data over 1995-2005 and found 80 intense magnetic storms with minimum Dst value of less than −100 nT. Almost all of the intense storms were associated with strong southward IMF. We then checked the DMSP measurements during these storms. In some storm cases, ion density depletions occurred both before and after IMF southward turning, and such cases are excluded in our analyses because we cannot determine whether the ion density depletions were related to the IMF southward turning. We finally found 22 storms that satisfy the criterion. The examples given in Figures 2 and 3 are from this set.
The Dst index during the 22 storms is plotted in Figure 5 . The epoch time is chosen to be the time of the maximum Dst value just before the storm main phase, which generally corresponds to the initial phase of magnetic storms. The dot on the line of each individual storm represents the earliest time at which deep ion density depletions were detected by one DMSP satellite after the IMF southward turning. For example, in the case of the IMF southward turning at 0637 UT in Figure 2 , the first detection of plasma depletions was made by the F14 satellite at 0816 UT, and we do not count the subsequent detections by F15 at 0859 UT, by F14 at 0958 UT, and by F15 at 1042 UT. In other words, each magnetic storm is counted only once in Figure 5 . It can be seen that the first DMSP detections of ion density depletions occurred within 2-3 hours from the storm initial phase. The plasma depletions in the statistics include all events, irrespective of whether they are plasma bubbles generated by the Rayleigh-Taylor instability or larger-scale depletions caused by eastward penetration electric fields. In most cases, plasma bubbles with strong upward ion drift were first detected.
It should be noted that the initial phase of magnetic storms with an increase of the Dst index is generally caused by a sudden enhancement of the solar wind pressure and does not necessarily correspond to IMF southward turning. The penetration electric field, which lifts the equatorial ionosphere in the evening sector, is primarily determined by southward IMF. Therefore, we use the time delay between the IMF southward turning and the first detection of equatorial ion density depletions as a measure of the effect of penetration electric fields on the generation of equatorial plasma bubbles.
International Journal of Geophysics Figure 6 shows how the time delay between IMF southward turning and the first detection of equatorial plasma bubbles varies with the minimum value of the IMF B z , the maximum value of the IEF E y , and the minimum Dst value. The time delay becomes shorter when the magnitude of southward IMF becomes larger (Figure 6(a) ). The IEF E y is determined primarily by the IMF B z . The IEF E y penetrates to the equatorial ionosphere in the evening sector and lifts the F region there. The larger the IEF E y is, the faster the F region moves upward. As a result, the equatorial plasma bubbles are generated within a shorter time, so the time delay becomes shorter when the IEF E y is larger (Figure 6(b) ). The time delay also becomes shorter when the absolute value of the minimum Dst is larger (Figure 6(c) ), implying that the time delay is shorter during stronger storms. The results in Figure 6 demonstrate the role of southward IMF and penetration electric field in the generation of equatorial plasma bubbles.
The average time delay between IMF southward turning and the first detection of plasma bubbles by one DMSP satellite is 142 min in the 22 storm cases. The DMSP satellites may not be able to detect all plasma bubbles. Measurements from four DMSP satellites are available in most cases of our study. The orbit of the F13 satellite is close to the dawn-dusk meridian plane around 1800 LT. The local time interval with high occurrence probability of plasma bubbles is between 1900-2200 LT (e.g., [34] ), and F13 is generally outside the bubble region. A complete DMSP orbit surrounding the Earth takes ∼102 min. If there are three satellites flying across the bubble region, the bubble region will be sampled, on average, every ∼35 min. The longitudinal (or local time) coverage of a plasma bubble is limited, and the bubble cannot be seen by a satellite if the satellite orbit does not go exactly through the bubble. Furthermore, the orbital altitude of the DMSP satellites is ∼840 km, and all plasma bubbles below 840 km are not detected by the satellites. The yellow shadings in Figure 6 cover most data points, and the data scatter in Figure 6 is caused by these characteristics of the DMSP measurements. It is certain that the satellites will miss some bubbles. In other words, there are more plasma bubbles than the DMSP measurements. Therefore, the real-time delay between the IMF southward turning and the generation of plasma bubbles should be shorter than 142 min. Although some uncertainties exist in the DMSP measurements of plasma bubbles, Figure 6 clearly indicates that the time delay decreases with the minimum value of the IMF B z , the maximum value of the IEF E y , and the strength of magnetic storms.
Discussion
The penetration electric field after IMF southward turning is eastward on the dayside and westward on the nightside. However, the reversal of the penetration electric field does not occur at the dawn-dusk meridian (0600-1800 LT). The numerical simulations [15] [16] [17] [18] show that the low-latitude penetration electric field is eastward in the evening sector and that the reversal occurs at 2200-2300 LT. The DMSP satellite measurements presented in the right column of Figure 1 show that penetration electric field at dusk is indeed eastward. The eastward penetration electric field will move the F region to higher altitudes. When the lifted F region reaches the height where the ion-neutral collision frequency is small enough, the Rayleigh-Taylor instability will grow rapidly, resulting in the generation of equatorial plasma bubbles. The time delay in Figure 6 is the delay between the IMF southward turning and the first detection of ion density depletions. The Rayleigh-Taylor instability must have been excited in the bottomside F region at earlier times.
The IMF is in general strongly southward during the main phase of intense magnetic storms. As shown in Figure 6 , the time delay between IMF southward turning and plasma bubble detection becomes shorter as the magnitude of the IMF B z /IEF E y increases. In particular, plasma bubbles can reach the DMSP orbital altitude of 840 km within 100 min from IMF southward turning in a number of cases. The observed variations of the time delay with the Dst index and IMF/IEF justify the effect of penetration electric fields on the generation of ESF plasma bubbles.
Equatorial plasma bubbles often cause ionospheric scintillations. Scintillations are primarily generated near the boundary of plasma bubbles where the plasma density gradient is large. When the storm-time eastward penetration electric field is extremely strong, the equatorial F region in the evening sector can be moved to very high altitudes, and significant plasma depletions are formed over a large latitudinal range. As shown in Figure 2(b) , the plasma density measured by the DMSP F14 satellite at 2151 UT became extremely low between ±20
• magnetic latitudes. The latitudinal variation of the plasma density inside the depletion region was gradual and smooth, and large density gradient existed only at the boundaries. In such cases, strong scintillations occur near the boundaries of the depletion region, and only weak scintillations occur in the low-density region. Abdu et al. [44] have analyzed the characteristics of ionospheric scintillations in the Brazilian sector during the magnetic storm on 30 October 2003. Some previous studies [33] [34] [35] [36] found that enhanced magnetic activity suppressed the occurrence of plasma bubbles in the evening sector. Neutral wind disturbances generated in the auroral zone during magnetic storms take several hours to reach the equatorial ionosphere and create westward electric field in the evening equatorial ionosphere. The westward dynamo electric field causes the equatorial F region to move downward, inhibiting the excitation of the RayleighTaylor instability. The suppression of ESF and plasma bubbles in the previous studies might be related to the disturbance dynamo and occur during the storm recovery phase rather than the main phase.
The main phase of magnetic storms occurs during southward IMF, and the recovery phase generally starts when the IMF turns northward. In the storm case on 9 November 2004 (Figures 1(a)-1(d) ), the IMF turned northward at 2043 UT through ∼0400 UT on the next day. Overshielding electric field occurs during northward IMF [2] and will cause downward plasma drift in the evening equatorial ionosphere. The Jicamarca radar indeed measured downward ion velocity after 2043 UT, consistent with the scenario of overshielding electric field. This effect of northward IMF also contributes to the suppression of ESF and plasma bubbles during the recovery phase of magnetic storms. Abdu et al. [45] found that the evening prereversal enhancement in the vertical plasma drift and the consequent spread F generation can be totally suppressed by the overshielding electric field with International Journal of Geophysics 9 westward polarity. Our observations are consistent with the results of Abdu et al. [45] .
Conclusions
We have presented the DMSP satellite measurements of the ion density and velocity at 840-km altitude in the evening sector during the main phase of 22 intense magnetic storms with minimum Dst value of smaller than -100 nT. It is shown that the penetration electric field at dusk is eastward and can last for several hours without effective shielding during continuous southward IMF as long as the geomagnetic activity is strengthening. The eastward penetration electric field moves the equatorial F region to higher altitudes conducive for the generation of plasma bubbles. The time delay between the IMF southward turning and the first DMSP detection of equatorial plasma depletions/bubbles is in the range of 70-220 min, with a mean value of 142 min, during the 22 magnetic storms. The time delay decreases with the minimum value of the IMF B z , the maximum value of the IEF E y after IMF southward turning, and the magnitude of the Dst index. In particular, the time delay becomes shorter when the value of the maximum IEF E y is larger, indicating the effect of penetration electric fields on the generation of plasma bubbles. The IMF is in general strongly southward during the main phase of intense magnetic storms. The results of this study suggest that more plasma bubbles are expected to occur during the storm main phase and that plasma bubbles are generated more rapidly under stronger southward IMF conditions.
